sorting membrane proteins into the lumen of the yeast
vacuole. Sorting of CPS and the G protein-coupled receptor Ste2p into the vacuole lumen also requires the function of class E Vps proteins. Transport vesicle intermediates within the vacuole lumen were identified by immunoelectron microscopy, consistent with sorting of CPS and Ste2p into membrane invaginations at the prevacuolar endosome. We propose that Fab1p regulates vesicle formation and/or cargo selection within the endosome/MVB through the formation of the second messenger polyphosphoinositide, PtdIns(3,5)P 2 .
Results

CPS Is Sorted into the Lumen of the Vacuole
CPS was initially identified as a vacuolar hydrolase that is synthesized as a type II integral membrane protein and then cleaved from its transmembrane anchor by lumenal vacuolar hydrolases encoded by PEP4 and PRB1 (Spormann et al., 1992). Proteolysis was assumed to occur after delivery of CPS to the vacuolar membrane. Consistent with this, when spheroplast lysates from metabolically labeled wild-type cells were homogenized under conditions that lyse the vacuole (and other organelles), then subjected to differential centrifugation and immunoprecipitation, CPS was found in the 100,000 ϫ g supernatant (S100) that contains soluble proteins ( Figure  1A ). ALP is also delivered to the vacuole as a type II membrane protein, but is matured by PEP4-dependent cleavage at a site near the C terminus of its lumenal domain (Klionsky and Emr, 1989) and is found in the 13,000 ϫ g membrane pellet (P13) enriched for vacuole, equilibrium density gradient analysis. CPS was found were analyzed by SDS-PAGE and immunoblotting and were quantias a single peak in fraction 9, whereas the majority tated using NIH Image 1.59.
(Ͼ75%) of ALP was at the top of the gradient ( Figure  1B ) along with the vacuolar t-SNARE Vam3p (data not shown). A small amount ‫)%02ف(‬ of ALP was also located is sorted away from proteins delivered to the limiting vacuolar membrane and targeted to a distinct memin a more dense region of the gradient (fraction 7) but did not coincide with CPS. This difference in fractionation brane domain associated with the vacuole. To monitor transport of CPS in living cells, GFP was between CPS and ALP is not due to transport of each protein via distinct pathways from the Golgi. Like CPS, fused to its N-terminal cytoplasmic domain. In wild-type cells examined by fluorescence microscopy, GFP-CPS the 100 kDa integral membrane subunit of the vacuolar ATPase Vph1p is transported from the Golgi to the vacuexpressed on a high-copy (2 m) plasmid was found entirely within the vacuole lumen ( Figure 2A ). This distriole via the CPY pathway (Piper et al., 1997), but it was found to cofractionate with ALP at the top of the gradient bution of GFP did not overlap with staining of the vacuolar membrane by FM 4-64 (Figure 2A ), a lipophilic styryl ( Figure 1B) . The disparate membrane distribution of CPS versus ALP and Vph1p in protease-deficient cells is also dye that intercalates into the plasma membrane and is delivered to the vacuole by endocytosis (Vida and Emr, not due to mislocalization of CPS to a nonvacuolar compartment. In preparations of intact (unlysed) vacuoles 1995). GFP fluorescence was also seen in the vacuolar lumen in pep4⌬ prb1⌬ cells (Figure 2A) , although a small isolated by Ficoll density gradient floatation (Bankaitis et al., 1986 ) from both wild-type and protease-deficient portion of the GFP signal could also be observed on the vacuolar membrane in these mutant cells (see below). cells, CPS as well as ALP and Vph1p were enriched Ͼ50-fold in the low-density vacuole fraction relative to Because CPS is synthesized as a type II integral membrane protein, the GFP moiety is initially located on the marker proteins of the cytosol and other organelles (data not shown). Together, these studies indicate that CPS cytoplasmic side of the membrane. Figure 2B , the vacuolar membrane localization of DPAP B was not altered by fusion of GFP to its N-terminal cytoplasmic domain.
In total cell homogenates (containing lysed vacuoles) from wild-type cells expressing GFP-CPS, an ‫72ف‬ kDa protein in the S100 fraction was the predominant species detected by differential centrifugation and immunoprecipitation using anti-GFP antiserum ( Figure 2C ). The size of this soluble protein is similar to the molecular mass of GFP (Ormö et al., 1996) , which is presumably cleaved from CPS within the vacuole lumen. In proteasedeficient (pep4⌬ prb1⌬) cells, only the full-length GFP-CPS fusion protein could be detected and was predominantly (Ͼ90%) located in the P100 fraction ( Figure 2C ), similar to the distribution of CPS in pep4⌬ prb1⌬ cells ( Figure 1A) . A small amount of full-length GFP-CPS could be detected in the P13 fraction. This portion ‫%01ف(‬ of total) may result from the 5-to 7-fold higher expression levels of GFP-CPS relative to the native CPS protein (data not shown) and could account for the GFP signal observed on the vacuolar membrane in proteasedeficient cells (Figure 2A ).
Sorting into the Vacuole Lumen Occurs at a Prevacuolar Endosomal Compartment and Requires Class E Vps Protein Functions
CPS is delivered to the vacuole along the CPY pathway via a prevacuolar endosome, whereas the AP-3-dependent ALP pathway from the Golgi to the vacuole bypasses the endosome compartment. As expected, GFP-CPS was localized entirely within the vacuole lumen in AP-3 mutant (apm3⌬) cells ( Figure 3A) . To determine whether GFP-CPS could be redirected into the AP-3-dependent ALP pathway and still be sorted into the vacuole lumen, a 16-amino-acid region of the ALP cytoplasmic domain was inserted between GFP and the start of the CPS cytoplasmic domain ( Figure 3B ). This region of ALP contains an AP-3-dependent acidic/dileucinebased sorting signal (EQTRLV) (Cowles et al., 1997b; Vowels and Payne, 1998) that is sufficient to redirect CPS into the ALP pathway (Cowles et al., 1997b) .
GFP-A*CPS transported to the vacuole via the ALP implying that CPS is initially sorted into the lumen at a requires class E VPS gene products, a set of 13 proteins that regulate traffic through the endosome (Table 1) lysed, and cleared as described above, except the total volume of lysate was 1 ml. Cleared lysates were then loaded at the top of Experimental Procedures identical gradients and centrifuged to equilibrium in a Beckman SW41 rotor for 18 hr at 170,000 ϫ g at 4ЊC. Gradient solutions Plasmid Constructions and Yeast Strains were prepared in lysis buffer described above and gradients were GFP-CPS was constructed by PCR amplification from genomic DNA generated with the following wt/vol amounts of Accudenz (Accurate using primers GO23p and GO30p to generate a 2.0 kb fragment Chemical and Scientific Corp.): 1 ml 43%, 1 ml 37%, 1 ml 31%, 1.5 with a KpnI site at the start of the CPS coding region. This fragment ml 27%, 1.5 ml 23%, 1.5 ml 20%, 1 ml 17%, 1 ml 13%, and 1 ml was subcloned into pCRII (Invitrogen) and then excised as a KpnI 8%. Following centrifugation, 14 fractions were collected from the fragment and ligated with pGOGFP426 or pGOGFP424 (Cowles et top. Total proteins from each fraction were precipitated in 10% al., 1997a). GFP-DPAP B was constructed by PCR amplification trichloroacetic acid, reprecipitated twice in acetone, and then sonifrom genomic DNA using primers GO43p and GO44p to generate a cated into sample buffer and resolved on 8% SDS-polyacrylamide 2.7 kb fragment with a HindIII site at the start of the DPAP B coding gels. Proteins were subsequently transferred to nitrocellulose and region. This fragment was subcloned into pCRII and then excised probed using rabbit antiserum against CPS or using mouse monoas a HindIII fragment and ligated into pGOGFP426. GFP-A*CPS was clonal antibodies against ALP or Vph1p (Molecular Probes). Relative constructed by gene splicing by overlap extension (see Cowles et amounts of protein detected in each fraction were quantitated using al., 1997b) using the outside primers GO25p and GO30p and the NIH Image 1.59. inside overlapping primers A1-163Ј and A1-16C5Ј in amplifications of ALP and CPS from genomic DNA. Full-length A*CPS PCR fragment was subcloned into pCRII and then excised as a KpnI fragment Microscopy For fluorescence microscopy, cells expressing GFP fusion proteins and ligated with pGOGFP426. STE2-GFP in pRS314 was isolated as a KpnI-SacI fragment and ligated into pRS424 or pRS426.
were labeled with FM 4-64 at 30ЊC as described (Vida and Emr, 1995). GFP and FM 4-64 fluorescence was visualized using a Nikon The following yeast strains were used: SEY6210 (MAT␣ leu2-3,112 ura3-52 his3-⌬200 trp1-⌬901 lys2-⌬801 suc2-⌬9 
